A simple gas-liquid chromatographic procedure for analyzing ethanol, acetic acid, acetoin, and racemic and meso-2,3-butylene glycol in broth media is described. Overnight broth cultures were filtered or centrifuged, and the filtrate or supernatant was treated with formic acid to aid separation of volatile fatty acids. Samples were then directly analyzed by gas-liquid chromatography on a 20% Tween 80-Chromosorb W-AW column and propionic acid as an internal standard. A complete analysis took ca. 8 min. The method can be used to distinguish homofermentative from heterofermentative lactic acid bacteria based on the level of ethanol produced and citrate-utilizing from non-citrate-utilizing lactic acid bacteria based on the levels of acetic acid produced. The method also has potential in distinguishing other bacterial fermentations. Of the 13 species of lactic acid bacteria tested, Streptococcus lactis subsp. diacetylactis was the major producer of 2,3-butylene glycol (total range, 0.3 to 3.5 mM), and, except for strain DRC1, both the racemic and meso isomers were produced in approximately equal amounts.
The pathway of glucose catabolism is a fundamental distinguishing characteristic of lactic acid bacteria (LAB). Homofermentative organisms catabolize glucose by the glycolytic pathway almost completely to lactic acid, whereas heterofermentative organisms catabolize glucose by the phosphoketolase pathway to equimolar quantities of lactic acid, ethanol, and CO2. Traces of acetate may also be formed. These two groups of bacteria are usually distinguished by measuring CO2 production in a complex, wellbuffered, semisolid medium containing a high concentration of glucose (11, 27) . Citrate catabolism is also an important distinguishing characteristic of many LAB, especially those found in dairy starter cultures (Streptococcus lactis subsp. diacetylactis and Leuconostoc spp.). The end products of citrate metabolism are C02, acetic acid, diacetyl, acetoin (acetylmethylcarbinol), and 2,3-butylene glycol (2, . Colorimetric measurement of mixtures of diacetyl, acetoin, and 2,3-BG is difficult because 2,3-BG must be oxidized to acetoin and diacetyl before measurement and because diacetyl interferes with the common method for determining acetoin. These difficulties are obviated to some extent if the compounds are first separated by either salting-out chromatography or steam distillation (16, 25, 29) .
Gas-liquid chromatography has been used by numerous workers to measure the fermentation products produced by bacteria (for reviews, see references 10 and 22) . Most methods suffer from the disadvantage that pretreatment of samples with an acidification-extraction procedure followed in many cases by a derivatization procedure is necessary. Obviously, recovery rates from such procedures would vary with the nature of the compound being extracted. In addition, there are conflicting reports on the extractability of some compounds (e.g., acetoin) with diethyl ether (15, 19) .
Gas-liquid chromatography of volatile fatty acids is especially useful in identifying anaerobic bacteria (3, 14) and in measuring microbial activity in silage (28) and in the rumen (7) . Since neutral products such as diacetyl, acetoin, 2,3-BG, and ethanol often accompany volatile fatty acids in fermentations, it would be useful if both neutral and acidic end products could be analyzed directly, without extraction, on * Corresponding author. the same column. Such a method is described and evaluated in the present paper.
MATERIALS AND METHODS Organisms. Twenty-two strains of 13 different species of LAB from our stock collection and Escherichia coli NCDO 1689 and Enterobacter aerogenes NCDO 711 were used. The LAB were grown in MRS broth (8) , modified by reduction of the glucose concentration to 1% (wt/vol) and omission of Tween 80 and sodium acetate, and the coliform bacteria were grown in MR VP broth (Oxoid Ltd., Basingstoke, England). All incubations were at 30°C, except for Streptococcus thermophiluis Y1, Lactobacillus builgaricuts NYL2, and Lactobacillus lactis BYL1, which were incubated at 370C.
Sample preparation. Static cultures were grown overnight with a 0.1% (vol/vol) inoculum. After incubation they were clarified either by centrifugation at 5,000 x g for 10 min or by membrane filtration with a 0.45-rim-pore-size filter. To 0.5 ml of supernatant or filtrate was added 0.2 ml of 0.036 M propionic acid as an internal standard and 20 ,ul of AristaRgrade formic acid (see below). A 0.5-,ul portion of this mixture was injected into the gas chromatograph. Uninoculated broths were run as controls to correct for any metabolites which might be present. Standards were treated in the same way except that they were dissolved in water.
Analyses. Growth was measured by the decrease in pH from the initial value of 6.4 (modified MRS broth) or 7.5 (MR VP broth). Citrate was determined in the supernatant or filtrate by the pyridine-acetic anhydride method (21) , and heterofermentation was determined by the methods of Gibson and Abd-el-Malek (11, 27 RESULTS AND DISCUSSION Column selection. One of the major problems in the resolution of nonderivatized volatile fatty acids is adsorbtion of the acids on the column, which is manifested as tailing of peaks, irregularly shaped peaks, and ghosting (for a review, see reference 5). This is effectively solved by bubbling the carrier gas through concentrated formic acid (5) . An alternative, simpler, and equally effective method is to add formic acid (final concentration, 5%) to the samples being analyzed (7) . Consequently, all solutions in the present study were made 1 M in formic acid. The AnalaR-grade formic acid used (90% purity) was contaminated with about 1 mM acetic acid, which was one of the compounds we wanted to measure. Replacing it with AristaR-grade formic acid (98% purity) obviated this difficulty. The chromatographic columns, their (Table 2 ). The response of ethanol, acetoin, acetic acid, and racemic and meso-2,3-BG at 120°C was linear up to at least 10 mM, the highest concentration tested; acetic acid was the least responsive and acetoin was the most responsive (Fig. 1) . It is presumed that the responses of racemic and meso-2,3-BG to the flame ionization detector were similar; the racemic and meso isomers represented 33 and 67% of the total, and the standard curves are not corrected for-this but the data in O_~7 Tables 3 and 5 Table 3 . The uninoculated broth-contained theequivalent of 0.6 mM ethanol and 1.1 mM acetate, and the data are corrected for this. The homofermentative strains produced low levels (<3 mM) of ethanol, except Streptococcus lactis subsp. diacetylactis 16B, which produced 4.4 mM, whereas the heterofermentative strains produced high levels (>11 mM) of ethanol with one exception, Lactobacillus viridescens 7-7, which produced 7.5 mM. Strain 16B is an unusual strain of Streptococcus lactis subsp. diacetylactis since it produces low levels of lactate (6) and may therefore be compensating for this by producing high levels of ethanol. Strain 7-7 grew poorly, as shown by the high pH, and so would produce low levels of ethanol in any case.
Metabolism of citrate by LAB theoretically produces 1 mol of acetate and a total of 0.5 mol of diacetyl, acetoin, and 2,3-BG per mol of citrate consumed. Under the present chromatographic conditions, diacetyl coeluted with ethanol, but since diacetyl is only produced in trace amounts by LAB (6, 9) , it can be ignored. Thus, it should be possible to distinguish citrate-utilizing from non-citrate-utilizing LAB on the basis of the amounts of acetate, acetoin, and 2,3-BG produced. Only acetate was of any value, since the levels of acetoin and 2,3-BG varied too much (Table 3 ). The noncitrate utilizers produced low levels (<1.4 mM) of acetate, whereas the citrate utilizers produced high levels (>8 mM). The concentration of citrate in modified MRS broth is ca. 8 mM; therefore, the theoretical concentration of acetate which can be produced is 8 mM. Some citrate-utilizing strains produced greater than the theoretical level (Table 3) owing to the additional production of small amounts from glucose. In general, the levels of ethanol and acetate produced by the different species of LAB are similar to those reported by other workers (1, 2, 4, 6, 18) , although in some studies (2, 18) There is little information on 2,3-BG production by LAB. Values have been reported in the early literature, but the levels are suspect because of the methodology used. In the present study, Streptococcus lactis subsp. diacetylactis produced the greatest levels of 2,3-BG, ranging from 0.3 mM in strain DRC3 to 3.5 mM in strain 19B (Table 3 ). An inverse relationship existed between 2,3-BG production and acetoin production, with high levels of 2,3-BG coinciding with low levels of acetoin and vice versa. Thus, the strains could be divided into low (strains 18B, DRC3, and DNCW4) and high (strains 16B, 19B, and DRC1) 2,3-BG producers or, alternatively, into high and low acetoin producers. Keen 
